SpecificationsOrganism/tissue*Nicotiana tabacum/developing pollen stages 1, 3, 5*Sex*Male*Sequencer or array type*Agilent Tobacco Gene Expression Microarray 4x44K*Data format*Raw and processed*Experimental features*Transcriptome profiling of male gametophyte development, analysis in context of previous mature pollen and pollen tubes data*Consent*n/a*

Direct link to deposited data {#s0010}
=============================

<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62349>

Experimental design, materials and methods {#s0015}
==========================================

Tobacco immature pollen isolation {#s0020}
---------------------------------

Wild-type *Nicotiana tabacum* (cv. Samsun) seeds were sown in a greenhouse under 22--25 °C and short-day conditions. Adult plants with fully developed roots were transplanted to an outdoor greenhouse to compost soil. There the plants were grown under the natural day--night photoperiod in spring and summer.

Immature pollen grains at three stages of development were collected from August to September. The appropriate developmental stage was determined by the length of the flower buds including calyx as published previously by [@bb0060]. Flower bud lengths were as follows: uninuclear microspores (stage 1), 15--16 mm; early bicellular pollen (stage 3), 25--27 mm, late bicellular pollen (stage 5), 46--49 mm. After flower collection, freshly isolated anthers were immediately processed by gentle crushing in a chilled mortar with 5% sucrose in diethylpyrocarbonate (DEPC)-treated sterile water. The mixture containing released pollen was filtered through a nylon mesh of approximately 100 μm to remove anther debris. Suspended pollen grains were then sedimented by centrifugation (2000 *g*, 5 min, 4 °C), decanted excess supernatant and stored in − 80 °C. For the assessment of the correct pollen developmental stage, standard 4′,6-diamidino-2 phenylindole (DAPI) staining in DAPI staining solution (0.1 M sodium phosphate, pH 7; 1 mM EDTA, 0.1% (v/v) Triton X-100, 0.8 mg/ml DAPI) was used ([@bb0045]; [Fig. 1](#f0005){ref-type="fig"}). Stained pollen grains were visualized with NIKON TE2000 fluorescence microscope and images were captured with NIS element software (NIKON).

RNA extraction, purification, and quality verification {#s0025}
------------------------------------------------------

Total RNA was isolated from 100 mg of immature pollen using the Qiagen RNeasy Plant Kit according to the manufacturer\'s instructions (Qiagen, Valencia, CA) and treated with DNaseI (Promega, Madison, WI). RNA was quantified using NanoDrop (Thermo Scientific, Wilmington, USA). Prior to shipment, five replicates from each sample were tested using semi-quantitative RT-PCR with two marker genes, Nt-eIF5A and a constitutive 18S rRNA, for reproducibility. RNA concentration, purity and integrity (RIN) were assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Boblingen, Germany) at Imaxio (Clermond-Ferrand, France). In all samples, RNA concentration was higher than 94.54 ng/μl and RIN ranged between 8.20 and 10. Two independent RNA samples showing two intact bands corresponding to 18S and 28S were used for microarray analysis.

Experimental procedures for microarray analysis {#s0030}
-----------------------------------------------

Cyanine-3 (Cy3)-labeled cRNA was prepared from 66 ng of total RNA by Low Input Quick Amp Labeling Kit, One-Color (Agilent Technologies, Boblingen, Germany) according to the manufacturer\'s instruction. Cy3-labeled cRNA was purified by RNeasy Mini Kit (Qiagen, Valencia, CA). NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Wilmington, USA) was used to evaluate the cRNA yield and labeling efficiency. In all samples, cRNA yield was higher than 8.34 μg and labeling efficiency was over 39.43 pmol Cy/μg cRNA. Cy3-labeled cRNA was then fragmented in a 30-minute incubation at 60 °C. After fragmentation, 1650 ng of Cy3-labeled cRNA was hybridized to Tobacco Gene Expression Microarray 4x44K (Platform GPL10098, Agilent Technologies, Boblingen, Germany) for 17 h at 65 °C in a rotating Agilent hybridization oven (Agilent Technologies, Boblingen, Germany). After washing the slides were scanned on the Agilent High Resolution Microarray Scanner using default parameters for 4x44K microarray formats (Agilent Technologies, Boblingen, Germany). Background-subtracted and spatially-detrended Processed Signal intensities were obtained by Feature Extraction Software 11.0.1.1 (Agilent Technologies, Boblingen, Germany) used with default parameters (Protocol GE1_1100_Jul11 and Grid 21113_D\_F_20130122).

Data processing and analysis {#s0035}
----------------------------

All transcriptomic data sets were normalized using publicly available dChip 1.3 software (<http://www.hsph.harvard.edu/cli/complab/dchip/>). The reliability and reproducibility of the analyses were ensured by the use of duplicates in each experiment, the normalization of all arrays to the median probe intensity level, and the use of normalized intensities of all arrays for the calculation of model-based gene expression values based on the Perfect Match-only model [@bb0035]. For each sample, only probes with the detection call of 'present' and an expression value detection level of 'well above background' (Boolean flag, two-sided t-test) in both replicates were considered to be expressed.

To determine the quality of the quantile-normalized data set and the correlation between arrays, CLC Main Workbench version 7.0.3 (CLC bio, Aarhus, Denmark) was used to compute mean expression values and corresponding p-values of the log~2~-transformed data. The output of this analysis was used to assess the correlation between samples using PCA ([Fig. 2](#f0010){ref-type="fig"}). Newly submitted datasets as well as previously published ones [@bb0015], [@bb0020] were used for this analysis and for the quantification of genes active in individual tobacco pollen developmental stages ([Fig. 3](#f0015){ref-type="fig"}).

Genes differentially expressed between arrays were statistically determined using the following criteria: for all filtered quantile-normalized datasets, (1) probes must have p-values of \< 0.05; (2) the p-values must pass FDR correction to minimize false discovery rate; (3) they should have an absolute expression value (fold change) of ±\> 3; (4) and they must have expression levels of \> 100, well above background. All genes that passed the above test from pairwise comparisons are reported in Supplementary Tables 1--3.

Gene ontology term enrichment analysis of stage-enriched genes was performed using the AgriGO (<http://bioinfo.cau.edu.cn/agriGO/>) gene ontology database [@bb0065] supplemented by REVIGO (<http://revigo.irb.hr/>) visualization toolbox [@bb0050], together with application of the hypergeometric distribution test, and Benjamini and Honchberg corrected p-value cut off \< 0.05 [@bb0005]. GO terms from the categories 'biological processes', 'cellular components' and 'molecular function' with an adjusted p-value of \< 0.05 were considered over-represented in a subset of genes analyzed ([Fig. 4](#f0020){ref-type="fig"}, [Supplementary Fig. 1](#ec0015){ref-type="supplementary-material"}). Specifically we looked at genes encoding ribosomal proteins that showed early expression profile in Arabidopsis [@bb0030] and observed similar expression pattern in less advanced bicellular tobacco pollen visualized by Mapman (<http://mapman.gabipd.org/web/guest/mapman>, [Fig. 5](#f0025){ref-type="fig"}, [Supplementary Table 4](#ec0010){ref-type="supplementary-material"}).

Discussion {#s0005}
==========

We extended our original transcriptomic analysis of tobacco male gametophyte development [@bb0015], [@bb0020] and included three developmental stages of immature pollen. This also supplemented previously published pollen transcriptomic studies [@bb0010], [@bb0025], [@bb0040], [@bb0055]. The analysis of normalized datasets revealed gene ontology categories specifically enriched in each developmental stage that corresponded to important cellular and molecular functions characteristic for these stages. We have also confirmed that the characteristic and correlated early expression pattern of genes encoding proteins forming ribosomal subunits.
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The following are the supplementary data related to this article.Supplementary Tables 1--3Genes differentially expressed between three stages of tobacco pollen development. The following criteria were applied: probes must have p-values of \< 0.05, the p-values must pass FDR correction to minimize false discovery rate, they should have an absolute expression value (fold change) of ±\> 3 and they must have expression levels of \> 100, well above background.Supplementary Table 4Expression profiles of genes encoding ribosomal proteins in tobacco male gametophyte, for each sample both biological replicates and detection calls are presented.Supplementary Fig. 1A) Gene ontology terms from the 'cellular components' and 'molecular function' categories with an adjusted p-value of \< 0.05 over-represented in subsets of genes enriched in three developmental stages of tobacco pollen development (AgriGO/REVIGO). The size and color of circles reflect the log~10~ p-value of the individual GO terms (see inlet). B) Gene ontology terms from the 'biological processes', 'cellular components' and 'molecular function' categories with an adjusted p-value of \< 0.05 over-represented in subsets of genes enriched in three developmental stages of tobacco pollen development (AgriGO).
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![DAPI-stained populations of developing spores used for the transcriptomic analysis: microspores (UNM); early bicellular pollen (eBCP); late bicellular immature pollen (lBCP); and mature pollen MPG. Scale bar = 10 μm. GN, VN stand for generative nucleus and vegetative nucleus, respectively.](gr1){#f0005}

![(A) Box plot of the raw hybridization signal from the four samples, highlighting systematic differences between samples. The inset shows the same data after the normalization. S1 --- uninucleate microspore (Stage 1), replicates 1 and 2 (rep1, rep2); S3 --- early bicellular pollen (Stage 3); S5 --- late bicellular pollen (Stage 5). (B) Outputs of the first and second principal component (PCA) analysis of the log2-transformed data sets. The largest and second-largest principal components (variability projection 1 and 2, respectively) are displayed in orthogonal directions, assessing the overall homogeneity between replicates and variability between samples of different tissue types as reflected in their grouping. S1 --- uninucleate microspore (Stage 1); S3 --- early bicellular pollen (Stage 3); S5 --- late bicellular pollen (Stage 5); MPG --- mature pollen grain; PT4 --- 4-hr cultivated pollen tube; PT24 --- 4-hr cultivated pollen tube; LEAF --- leaves; ROOT --- roots.](gr2){#f0010}

![Quantification of genes expressed in sporophyte and during male gametophyte development. Only genes showing well-above-background value "1" in both biological replicates were considered as reliably expressed. The first column shows the total number of probes represented on the Agilent 4x44K Tobacco Genome Array indicating probes that gave positive signal in at least one sample ("D") and those that showed no expression in any sample ("ND"). MG --- male gametophyte; UNM (S1) --- uninucleate microspore (Stage 1); eBCP (S3) --- early bicellular pollen (Stage 3); lBCP (S5) --- late bicellular pollen (Stage 5); MPG --- mature pollen grain; PT4 --- 4-hr cultivated pollen tube; PT24 --- 24-hr cultivated pollen tube.](gr3){#f0015}

![Gene ontology terms from the 'biological processes' category with an adjusted p-value of \< 0.05 over-represented in subsets of genes enriched in three stages of tobacco pollen development. The size and color of circles reflects the log~10~ p-value of the individual GO terms (see inset).](gr4){#f0020}

![Expression profiles of genes encoding ribosomal proteins in tobacco male gametophyte. Expression signal of each gene represent the mean value of two biological replicates ([Supplementary Table 4](#ec0010){ref-type="supplementary-material"}). UNM (S1) --- uninucleate microspore (Stage 1); eBCP (S3) --- early bicellular pollen (Stage 3); lBCP (S5) --- late bicellular pollen (Stage 5); MPG --- mature pollen grain; PT4 --- 4-hr cultivated pollen tube; PT24 --- 4-hr cultivated pollen tube.\
Expression profiles of genes encoding ribosomal proteins in tobacco male gametophyte. Expression signal of each gene represent the mean value of two biological replicates (Supplementary Table 4). UNM (S1) --- uninucleate microspore (Stage 1); eBCP (S3) --- early bicellular pollen (Stage 3); lBCP (S5) --- late bicellular pollen (Stage 5); MPG --- mature pollen grain; PT4 --- 4-hr cultivated pollen tube; PT24 --- 4-hr cultivated pollen tube.](gr5){#f0025}
